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Abstract 
Spatial synchrony is the tendency of spatially separated populations to display similar temporal 
fluctuations. Synchrony affects regional ecosystem functioning, but it remains difficult to 
disentangle its underlying mechanisms. We leveraged regression on distance matrices and 
geography of synchrony to understand the processes driving synchrony of European beech 
masting over the European continent. Masting in beech shows distance-decay, but significant 
synchrony is maintained at spatial scales of up to 1500 km. The spatial synchrony of the weather 
cues that drive interannual variation in reproduction also explains the regional spatial synchrony of 
masting. Proximity played no apparent role in influencing beech masting synchrony after 
controlling for synchrony in environmental variation. Synchrony of beech reproduction shows a 
clear biogeographical pattern, decreasing from the northwest to southeast Europe. Synchrony 
networks for weather cues resemble networks for beech masting, indicating that the geographical 
structure of weather synchrony underlies the biogeography of masting synchrony. Our results 
support the hypothesis that environmental factors, the Moran effect, are key drivers of spatial 
synchrony in beech seed production at regional scales. The geographical patterns of regional 
synchronization of masting have implications for regional forest production, gene flow, carbon 
cycling, disease dynamics, biodiversity, and conservation.
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Introduction
Spatial synchrony in ecology is the tendency of disjunct populations to display coincident 
changes in time-varying system state (Liebhold et al. 2004). Synchrony affects regional ecosystem 
functioning and results in large-scale outbreaks (Bjørnstad et al. 2002), shortages (Ostfeld & 
Keesing 2000), or extinctions (Earn et al. 2000). Synchrony is thought to arise from three 
mechanisms acting alone or in combination: dispersal between populations, correlated fluctuations 
in environmental drivers of population dynamics (Moran effect), and interactions with 
synchronized or mobile species (Liebhold et al. 2004; Lee et al. 2020; Walter et al. 2021). 
However, despite the pervasiveness of spatial synchrony in population dynamics in virtually every 
taxon, it remains difficult to disentangle its underlying mechanisms.
One ecological phenomenon with impressive scale of spatial synchrony and large socio-
ecological importance is mast seeding (Koenig & Knops 2000). Masting is synchronous, annually 
variable seed production by plant populations (Silvertown 1980; Kelly 1994; Pearse et al. 2016). 
This is a phenomenon that occurs on all continents, and the spatial scale of synchrony of masting 
often encompasses entire species ranges (Sakai 2002; Norden et al. 2007; Ascoli et al. 2017b; 
Chechina & Hamann 2019). The variable allocation of resources associated with masting affects 
plant growth, the population dynamics of plants and animals, carbon stocks, and disease risk 
(Hacket‐Pain et al. 2018; Ostfeld et al. 2018; Clark et al. 2019). Thus, understanding the drivers of 
masting synchrony can enable the prediction of widespread masting events and their ecological 
consequences, and indicate whether spatial synchrony may strengthen or weaken as a consequence 
of global changes. 
Theory suggests two drivers of spatial synchrony in masting: regionally correlated weather 
variation (Fernández‐Martínez et al. 2017; LaMontagne et al. 2020) and pollen dispersal (Satake 
& Iwasa 2002a, b). Weather has been recognized as a potentially important driver of spatial 
synchrony of plant reproduction due to patterns of spatial autocorrelation in temperature or rainfall 
similar to those exhibited by seed production (Koenig & Knops 2000; Kelly & Sork 2002). The 
Moran effect can synchronize masting by affecting resource acquisition, flower production, or 
fruit maturation (Liebhold et al. 2004; Bogdziewicz et al. 2020a). Independently, pollen dispersal 
has the potential to drive synchrony by means of phase-locking among populations of wind-
pollinated species far more distant than the direct pollen exchange between plants (Satake & Iwasa 
2002a). However, due to the scale at which synchrony of masting is observed, it is notoriously 
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We address this question using half century-long (1954 – 2014) datasets of seed production 
from across the range of a major European forest-forming species, European beech (Fagus 
sylvatica) (Appendix S1: Fig. S1). Annual variation in seed production in European beech 
correlates with a cold and wet weather in summer two years prior seedfall (Vacchiano et al. 2017). 
Hot and dry summers that follow the cold and wet summers lead to mast years (Vacchiano et al. 
2017). High precipitation during flowering in spring correlates negatively with seedfall in autumn, 
possibly by interfering with pollination (Kasprzyk et al. 2014; Mund et al. 2020). Alongside 
weather variation, pollen limitation was repeatedly identified as an important driver of 
reproductive dynamics in masting species, including in European beech (Abe et al. 2016; 
Bogdziewicz et al. 2020b). Pollen dispersal distance is often fat-tailed and can potentially reach 
populations separated by hundreds of kilometres (Belmonte et al. 2008; Oddou-Muratorio et al. 
2010), but even localized pollen transfer has the potential to induce long-distance reproductive 
synchronization (Satake & Iwasa 2002a). Thus, weather variation and pollen dispersal are the 
processes that can be responsible for observed synchronization of beech reproduction over vast 
distances (Ascoli et al. 2017b; Vacchiano et al. 2017). We use matrix regressions to isolate these 
effects. Matrix regressions provide a tool for isolating the drivers of population synchrony in that 
the effects of environmental forcing can be disentangled from non-environmental spatial 
processes, such as pollen dispersal (Haynes et al. 2013; Walter et al. 2017). Moreover, we use 
graph theory and network analyses to map spatial variation in synchrony of beech reproduction 
and link it with geography of synchrony in climate (Walter et al. 2017). The geography of 
synchrony approach builds a spatial network of sites, which are connected to other sites based on 
their degree of synchrony. Site-level measures incorporate information on all the synchronous 
interactions with other sites, creating a single measure which can be related directly to 
environmental and spatial gradients (Walter et al. 2017). 
Methods
Data collection and materials 
Seed production data. We used a long-term, continental-scale dataset of masting time 
series for European beech (MASTREE, Ascoli et al. 2017a). We extracted all records for annual 
production of beech seeds. We excluded records of annual flower or pollen production, or tree-
ring-based mast year reconstructions. MASTREE contains ordinal and continuous time-series, but 
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(ORDindex), ranging from 1 (very poor masting) to 5 (very abundant masting). To obtain long 
masting series with a minimum number of missing years, individual masting series were 
aggregated into chronologies associated with NUTS-1 regions (Nomenclature of Territorial Units 
for Statistics version 2013). Data that could not be associated with an individual NUTS-1 region 
were excluded. Following the method described by Vacchiano et al (2017) and Ascoli et al 
(2017b), we aggregated records using the most frequently observed masting class (i.e. ORDindex) 
for each year. The highest masting class was used in the case of multi-modality. Analysis focused 
on the period 1954-2014, and NUTS-1 chronologies contained between 1 and 61 years of 
observations within this period. NUTS-1 chronologies with <5 observations were excluded from 
subsequent analysis, leaving 53 NUTS-1 (hereafter, sites) regional chronologies for this analysis, 
maximum distance between NUTS-1 equalled 2286.6 km. This sample size was chosen as a 
trade‐off between the need for robustness and data inclusion.
Weather data. Weather time series for 1954-2014 were obtained for each NUTS-1 from the 
gridded CRU TS 3.23 database (Harris et al. 2014). We averaged monthly mean maximum daily 
temperature and monthly total precipitation for all gridcells within each NUTS-1.  
Analysis of drivers of spatial synchrony in beech reproduction. To isolate the influences of 
weather and spatial proximity on the spatial synchrony of beech masting, we performed multiple 
regression on resemblance (or distance) matrices (MRMs) (Lichstein 2007; Haynes et al. 2013; 
Walter et al. 2017). This technique is an extension of the partial Mantel test, a procedure for 
determining the partial correlation between two distance or resemblance matrices while 
controlling for the influence of a third matrix. MRM is used to examine relationships between a 
dependent distance or resemblance matrix and any number of explanatory distance or resemblance 
matrices (Haynes et al. 2013). By using explanatory matrices for both spatial proximity and any 
measures of environmental similarity, variance in the dependent matrix can be partitioned into 
environmental or spatial sources. Significance of spatial proximity as a factor affecting synchrony 
after controlling for effects of environmental variation is interpreted as indicator of among-
population dispersal (i.e. pollen dispersal) acting as potential synchronizing driver (Haynes et al. 
2013). 
To carry out the MRM, we created resemblance matrices where the elements were the 
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combinations of locations. Similarities were calculated as the Spearman pairwise correlation 
coefficients between masting and weather time series with at least 5 years of overlap. Spatial 
distance values were converted to indices of similarity by the formula [1 – (measure of distance/ 
maximum distance)] (Haynes et al. 2013). We included environmental variables in the MRM 
models that correspond to key stages of the beech reproductive cycle: monthly mean daily 
maximum temperature and monthly total precipitation in summer (June - July), in spring (April -  
May), and during the growing seasons (May - August) (Vacchiano et al. 2017; Nussbaumer et al. 
2018). To avoid including collinear covariates into the models (e.g. rainfall and temperature 
during summer), we combined weather variables that were based on the same time windows into 
principal components using principal component analysis (PCA) with varimax rotation (Appendix 
S1: Table S1). The data used in the PCA were the site-specific values of each weather variable in 
each year from 1954 to 2014. We then used the PCA scores to calculate resemblance matrices for 
environment across sites (Haynes et al. 2013). 
Following Lichstein (2007) and Haynes et al. (2013), we investigated the roles of 
environmental versus spatial factors by fitting a ‘space model’, an ‘environment model’ and a 
‘combined model’. The only explanatory matrix in the space model was spatial proximity. The 
environment model included the explanatory matrices for synchrony in weather (as listed above). 
The combined model included all of the explanatory matrices. The statistical significance of each 
explanatory matrix was determined by a permutation procedure appropriate for spatially structured 
data, whereby each observed regression coefficient was compared with a distribution of 
coefficients generated from 10000 permutations of the dependent matrix (Lichstein 2007). The 
MRM procedure was carried out using the ecodist package (Goslee & Urban 2007) in R. We 
visualized spatial synchrony of seed production and weather variables using Mantel correlograms.
Biogeography of synchrony. To explore geographical gradients in beech masting 
synchrony, we constructed separate, spatially-explicit synchrony networks of beech masting and 
weather, whereby sites were nodes and their pair-wise, long-term synchrony in masting or summer 
(June-July) weather PCA scores represented weighted edges. We used summer weather following 
the results of the MRM analysis (see Results). Between-site synchronies (edge weights) were 
similarity indices calculated using the formula 1 - (dissimilarity measure between site i and 
j)/(maximum dissimilarity), with dissimilarity measures being Euclidean distances calculated 
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series with at least 5 years of overlap. Next, we assessed spatial patterns of masting synchrony 
across Europe using Generalised Linear Models (GLMs) with beta distribution and logit link, 
including site-level mean synchrony (of either masting or weather) as a response and sites’ 
latitude, longitude, and their interaction fitted as natural cubic splines as explanatory terms. The 
response was normalised as . Models were fitted using R version 3.5.1 and 𝑦𝑖 = (𝑦𝑖 +1)/2
glmmTMB package (Brooks et al. 2017). Because we detected a clear geographical gradient in 
beech masting synchrony (see Results), we performed community delineation analysis on the 
beech masting synchrony network, to assess whether it consisted of subgroups incorporating sites 
well-synchronized with each other, and less well synchronized with sites from different 
subgroups. To find the community structure, we used the fast greedy modularity optimization 
algorithm, which identifies communities by optimizing a modularity score (i.e., the number of 
edges falling within groups minus the expected number if edges were randomly distributed), 
providing a measure of the strength of the partition of a network into distinct modules (Clauset et 
al. 2004; Newman 2006). Community delineation was performed using igraph in R (Csardi & 
Nepusz 2006).
We tested whether the beech masting synchrony network follows the weather synchrony 
network using the multiple regression quadratic assignment procedure (MRQAP). The MRQAP is 
a modelling framework allowing investigation of the relationship between a dependent matrix and 
independent matrices, while considering the non-independence of network data by using 
permutation techniques to test the significance of effect sizes (Dekker et al. 2007). We fitted 
MRQAP model with the beech masting synchrony matrix (pair-wise similarity indices of seed 
production) as a dependent variable and the weather matrix (pair-wise similarity indices of 
weather PCA scores) as an explanatory term, and used the double-semi-partialling technique to 
perform permutations (Dekker et al. 2007). The model was fitted using the asnipe R package and 
statistical significance was assessed based on t-statistics and 1000 permutations (Farine 2013). 
We tested whether the site-level synchrony of beech masting and weather are associated 
with the long-term mean values of our weather variables, i.e. long-term mean summer temperature 
and mean summer precipitation. We used GLMs with beta distribution and logit link, with either 
mean synchrony of masting or synchrony of summer temperature as a response, and average 
(1954-2014), site-level summer (June-July) temperature or precipitation as the explanatory term. 
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0.41, t = -3.28, p = 0.002), we tested for their effects in separate models and performed model 
selection following information-theoretic approach based on Akaike Information Criterion.
Results
Mean spatial synchrony in beech masting across all sites was significantly greater than 
zero (mean Spearman rank correlation and 95% CI: 0.32, 0.25 – 0.41). Weather PCA scores were 
slightly more synchronous than masting: summer weather (0.49, 95% CI 0.41 – 0.57), spring 
weather (0.44, 95% CI 0.37 – 0.51), growing season weather (0.48, 95% CI 0.41 – 0.54). The 
synchrony of masting and weather regressed to zero at distances ~1500 km (Fig. 1).  
The MRM indicated spatial synchrony variation in weather as the main driver of spatial 
synchrony of beech mast seeding. In the space model, we detected a significant positive 
relationship between spatial proximity and synchrony (Appendix S1: Table S2). That model 
explained 11.5 % of the variance in the pair-wise synchrony of masting. The environment model 
explained about three times more variation in the masting synchrony as the space model (37.0%). 
In the environmental model, the only significant predictor of masting synchrony was synchrony in 
the summer weather (Appendix S1: Table S2), although growing season weather approached 
significance with p = 0.07. The combined model (space and environment) explained the same 
variance as the environment model (37.2%). Although proximity was a significant predictor of the 
synchrony of masting in the space model, proximity did not have a significant effect in the 
combined model. As in the environment model, masting synchrony in the combined model was 
significantly explained by synchrony in summer and, to a limited degree, by synchrony of growing 
season weather (Appendix S1: Table S2). 
Network analysis revealed a clear biogeographical pattern in beech masting synchrony that 
decreased from the northwest to southeast Europe (Fig. 2, Appendix S1: Table S3). Fast greedy 
optimisation based on masting synchrony grouped sites into two clusters corresponding to the 
biogeographical gradient described above (Fig. 3) – highly synchronized northwest (mean within 
cluster synchrony = 0.57, 95%CI: 0.54–0.61, n = 30 sites) and poorly synchronised southeast 
(mean = 0.25, 95%CI: 0.21–0.29, n = 23 sites). The geographical pattern in masting synchrony 
corresponded to a matching pattern of synchrony of weather cues (Fig. 2, Appendix S1: Table S3). 
The resemblance of masting and weather synchrony maps indicate the key role of the Moran effect 
in driving the regional patterns of masting synchrony (Walter et al. 2017). Regressing the network 
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weather explains 41% of variation in biogeography of beech mast seeding synchrony (β = 0.69, p 
< 0.001). Among-sites synchronization of seed production was higher at warmer sites, but this 
reversed for sites with long-term mean temperatures above ~20.5°C (Fig. 4, Appendix S1: Table 
S4A). A relationship with similar curvature was observed between synchrony of weather cues and 
the local climate (Fig. 4, Appendix S1: Table S4B). The parallel relationships of weather and 
masting synchrony with local climate suggests that climate at particular sites shapes their weather 
synchronization with other sites, which in turn determines each site synchronization of seed 
production. 
Discussion 
Environmental variation drives regional (~1500 km) synchrony of seed production in 
European beech. Both exogenous factors, like environmental conditions, and endogenous factors, 
like flower abscission and pollination, have been considered as drivers of spatial synchrony in 
models of proximate drivers of masting (Satake & Iwasa 2002a; Lyles et al. 2015; Noble et al. 
2018; Schermer et al. 2019). Depending on specific assumptions, these theoretical models may 
require some form of coupling of seed production of nearby plants to create synchrony (e.g. pollen 
coupling), alongside the effect of correlated environmental fluctuations (Satake & Iwasa 2002a; 
Noble et al. 2018; Bogdziewicz et al. 2020d). In our MRM analysis, proximity played no apparent 
role in influencing beech masting synchrony after controlling for synchrony in environmental 
variation. Lack of spatial proximity effects on masting synchrony after controlling for effects of 
environmental variation implies that among-population dispersal is not acting as potential 
synchronizing driver in the system (Haynes et al. 2013). This implies that pollen dispersal is not 
an important synchronising agent of beech masting synchrony at regional scales, and that the 
synchrony in weather is a main driver of spatial synchrony of beech seed production over the 
species range. 
Similarly to our results, past studies on masting synchrony in other species employing 
MRM models found little evidence for non-environmental spatial process playing a significant 
role in synchronizing masting at regional scales. In California oaks, regional synchrony of acorn 
production appears to be driven by synchrony in annual rainfall (Koenig et al. 2017). Similarly, 
MRM models indicated that continental synchrony in white spruce masting is driven by synchrony 
in summer temperatures (LaMontagne et al. 2020), while synchrony in piñon pine masting by 
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the role of pollen dispersal in regional synchronization of masting appears negligible. Potentially, 
pollen dispersal may be more important for synchronization of masting at local scales as effective 
pollen transfer is mostly localized (Sork et al. 2002; Chybicki & Burczyk 2010; Oddou-Muratorio 
et al. 2010). Whether synchrony in masting is due to the Moran effect or pollen coupling is 
difficult to determine, because both hypotheses generate similar patterns of spatial synchrony and 
are not mutually exclusive (Koenig & Knops 2013). The results presented here appear to lend 
further support against the hypothesis that dispersal plays an important role in synchronizing 
masting at regional scales.
The key role of environmental variation as a driver of regional patterns in masting 
synchrony is further supported by the geography of synchrony analysis. Network analysis 
indicated that spatial patterns in the synchrony of weather underlie the geography of synchrony of 
beech masting over the European continent. The northwest-southeast gradient in beech masting 
synchrony matched synchrony network of summer weather, providing exceptional evidence for 
the role of environmental variation as a driver of regional synchronization of forests reproduction 
(Walter et al. 2017). Moreover, the relationship between synchrony of both weather and masting 
was non-linearly related to local climate, which may drive the divergence in beech masting 
synchrony between colder northwest and warmer southeast Europe. The non-linear relationship 
between local climate and sites synchronization indicates that climate warming may induce 
changes in the spatial synchrony of weather cues that will translate to changes in regional 
synchronization of masting – as already shown for other ecological phenomena (Koenig & 
Liebhold 2016; Sheppard et al. 2016; Shestakova et al. 2016; Manzanedo et al. 2020). If the lower 
synchrony in the southeast is due to warmer mean temperature in the southeast, then warming 
climate has the potential to increase the synchrony of both weather and trees seed production, but 
this will reverse once a tipping point of ~20.5 °C is passed. Under such scenario, we can expect 
further declines in masting synchrony in the already poorly synchronized southeast, and that 
synchrony in northwest will eventually decline as warming continues.
The northwest-southeast gradient in weather and masting synchrony was related to local 
climate, but also resembles the northwest to southeast gradient of correlation between summer 
temperatures and the Summer North Atlantic Oscillation (SNAO). SNAO is a major large-scale 
climate mode influencing both weather and masting patterns in the European Atlantic region 
(Folland et al. 2009; Bladé et al. 2012; Ascoli et al. 2017b). The geographical divide that SNAO 
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the borderline between positive to negative synchrony in both weather and masting revealed by 
our network analysis (Folland et al. 2009; Bladé et al. 2012). The influence of the Atlantic climate 
circulation, coupled with the relatively homogeneous geomorphology in northwest Europe, could 
be an important environmental feature for beech masting synchronization in this region. In 
contrast, in the southeast region SNAO loses the role of weather synchronizer, while multiple 
interacting climate modes (Zhu et al. 2017; Barcikowska et al. 2020), and the complex 
geomorphology (water bodies, mountain ranges), diversify local weather patterns through space 
and time (Casanueva et al. 2014; Sun et al. 2019), decreasing beech masting synchronization. 
While the mechanisms driving the northwest-southeast gradient in weather synchrony 
remain to be established, the ecological consequences of such gradient for beech forests are 
diverse and potentially great. The highly synchronized northwest is characterized by regional 
boom-and-bust masting dynamics with taxonomically and ecologically diverse consequences for 
community dynamics (Ostfeld & Keesing 2000; Bogdziewicz et al. 2016). In contrast, at poorly 
synchronized southeast, each site maintains its own schedule of high and low seed years. From a 
forest regeneration perspective, lowered regional synchrony can influence recruitment by 
disrupting the satiation mechanism for mobile seed predators (Curran & Leighton 2000). High 
synchrony in northwest Europe can also allow higher gene flow across sites of that region 
compared to southeast, contributing to homogeneous genetic structure of beech populations in the 
north compared to the south (Magri et al. 2006; Kremer et al. 2012). Other consequences of 
desynchronization involves a reduced ability to produce regional mast forecasts for planning of 
natural forest regeneration, and regional risk forecasts for Lyme disease and hantavirus by rodents 
dependent on beech seeds (Ostfeld et al. 2018; Bregnard et al. 2020). 
A limitation of our study is that it was based on ordinal rather than continuous seed 
production data. However, the rapid accumulation of long-term data on plant reproduction 
promise further improvements that will allow us to better understand the spatiotemporal patterns 
of seed production and to hint at processes that may govern those patterns (Fernández-Martínez et 
al. 2019; Pearse et al. 2020; Pesendorfer et al. 2020; Clark et al. 2021). These datasets already 
indicate changes in masting intensity and synchrony that are possibly related to climatic change 
(Redmond et al. 2012; Bogdziewicz et al. 2020c; Shibata et al. 2020; Hacket-Pain & Bogdziewicz 
2021). In that context, our study warns that as the climate changes so will regional synchronization 
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regional forest production, carbon cycling, disease dynamics, evolutionary dynamics, and 
conservation (Elliott & Kemp 2016; Vacchiano et al. 2018; Bogdziewicz et al. 2020b). 
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Figure 1. Spatial correlation in European beech masting and seasonal weather PCA scores. Red 
lines show Mantel correlograms, while hexes are pair-wise Spearman correlations between all 
sites. Circles indicate significant Mantel correlations. Hex colour is scaled to the number of 
observations within each hex. 
Figure 2. Geography of synchrony of beech masting and of summer weather. Maps show the site-
level contributions to the synchrony network of (A) beech masting and (B) summer weather in 
terms of strength (points) and similarity (lines), with warmer (redder) colours indicating larger 
values. Network analysis based on seed production for 1954-2014, and 53 NUTS-1 regional 
chronologies that contained between 5 and 61 years of observations within this period. The lower 
panel shows modelled geographical patterns of (C) masting and (D) summer weather synchrony 
for European beech based on generalised models (Table S3). The circles are the 53 sites 
representing the 53 NUTS-1 chronologies.
Figure 3. Clusters within beech masting synchrony network delineated using the fast greedy 
modularity optimisation algorithm. Cluster-wide synchrony in northwest (yellow circles) Europe 
equalled 0.57 (95%CI: 0.54–0.61), while in southeast (blue circles) Europe it equalled 0.25 
(95%CI: 0.21–0.29).
Figure 4. Synchrony of beech masting (blue points) and weather (red squares) as a function of site-
level mean long-term (1954-2014) summer (June-July) maximum temperature. Points show mean 
synchronisation of particular sites with all other sites. The lines are based on the significant GLM 
predictions, while shading indicates the 95% confidence intervals.
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